Evolved resistance to tyrosine kinase inhibitor (TKI)-targeted therapies remains a major clinical challenge. In epidermal growth factor receptor (EGFR) mutant non-small-cell lung cancer (NSCLC), failure of EGFR TKIs can result from both genetic and epigenetic mechanisms of acquired drug resistance. Widespread reports of histologic and gene expression changes consistent with an epithelial-to-mesenchymal transition (EMT) have been associated with initially surviving drugtolerant persister cells, which can seed bona fide genetic mechanisms of resistance to EGFR TKIs. While therapeutic approaches targeting fully resistant cells, such as those harboring an EGFR T790M mutation, have been developed, a clinical strategy for preventing the emergence of persister cells remains elusive. Using mesenchymal cell lines derived from biopsies of patients who progressed on EGFR TKI as surrogates for persister populations, we performed whole-genome CRISPR screening and identified fibroblast growth factor receptor 1 (FGFR1) as the top target promoting survival of mesenchymal EGFR mutant cancers. Although numerous previous reports of FGFR signaling contributing to EGFR TKI resistance in vitro exist, the data have not yet been sufficiently compelling to instigate a clinical trial testing this hypothesis, nor has the role of FGFR in promoting the survival of persister cells been elucidated. In this study, we find that combining EGFR and FGFR inhibitors inhibited the survival and expansion of EGFR mutant drug-tolerant cells over long time periods, preventing the development of fully resistant cancers in multiple vitro models and in vivo. These results suggest that dual EGFR and FGFR blockade may be a promising clinical strategy for both preventing and overcoming EMT-associated acquired drug resistance and provide motivation for the clinical study of combined EGFR and FGFR inhibition in EGFR-mutated NSCLCs.
Introduction
Non-small-cell lung cancers (NSCLCs) that harbor activating epidermal growth factor receptor (EGFR) mutations are sensitive to small-molecule EGFR inhibitors, with responses observed in 60-70% of patients [1] [2] [3] [4] . Unfortunately, drug resistance inevitably develops, leading to disease progression. A number of mechanisms of irreversible, acquired resistance have been identified, including the EGFR T790M gatekeeper mutation, amplification of the mesenchymal epithelial transition factor (MET) receptor tyrosine kinase (RTK) gene, histological transformation to small-cell lung cancer [5] [6] [7] [8] , and fibroblast growth factor receptor (FGFR) signaling [9] [10] [11] [12] [13] . Third-generation EGFR inhibitors have now been developed that are capable of overcoming EGFR T790M [14, 15] , and combination These authors contributed equally: Sana Raoof, Iain J. Mulford strategies that target MET-amplified resistant cancers are being evaluated in clinical trials, but no clinical trials combining FGFR and EGFR inhibitors have yet been initiated. Histologic changes characteristic of epithelial-tomesenchymal transition (EMT) occur in a subset of EGFR mutant NSCLC patients who develop acquired resistance to EGFR inhibitors, either independently or together with genetic resistance mechanisms such as EGFR T790M [8, 16, 17] . Testing for changes in gene or protein expression indicative of EMT in patients is not routinely performed, so the incidence of this resistance mechanism may be underestimated. EMT has been associated with resistance to multiple anti-cancer drugs with varied mechanisms of action, including targeted therapies [16, 18, 19] and chemotherapy [20, 21] . In addition, gene expression changes indicative of an emerging EMT have been observed in cells entering a drug-tolerant "persister" state-a reversible phenotype characterized by reduced drug sensitivity, suppressed cell proliferation, and a chromatin remodeled state that was first described by the Settleman group [22] . These drug-tolerant persister cells may subsequently acquire EGFR T790M or other drug resistance mutations [23] . Indeed, while select prior studies have reported strategies for targeting mesenchymal drug-resistant cells in vitro [12, 22, 24] , it remains unclear whether the in vivo microenvironmental drivers of EMT may be overcome by successful in vitro approaches, or whether it is possible to prevent EMT-mediated drug tolerance rather than targeting resistant clones once they have already completed an EMT.
In this study, we identify strategies to prevent EMTmediated drug-tolerant cells from surviving and giving rise to resistant clones. Whole-genome CRISPR screening of fully mesenchymal EGFR mutant NSCLC cell lines derived from patient biopsies at the time of clinical progressionour clinical surrogate of persister cells-identified FGFR1 to be the top genomic mediator of resistance to thirdgeneration EGFR tyrosine kinase inhibitors (TKIs). To our knowledge, this represents the first unbiased study of the dependencies of mesenchymal populations in EGFR mutant NSCLC. Furthermore, we analyzed epithelial, drugsensitive cells as they begin to develop mesenchymal and drug-tolerant features. Dual EGFR + FGFR blockade (using an FGFR inhibitor that has been used in clinical trials [25, 26] ) synergistically decreased cell viability of mesenchymal patient-derived resistant cells (including those with a concurrent EGFR T790M mutation), inhibited the longterm expansion of drug-tolerant persister cells with mesenchymal features in vitro, and suppressed the development of acquired drug resistance in a xenograft mouse model over 4 months. These results reveal targetable dependencies of resistant, EGFR mutant lung cancer cells with mesenchymal features and suggest that dual EGFR + FGFR inhibition may be a successful clinical strategy for blocking and/or overcoming EMT-associated resistance.
Results

FGFR1 mediates resistance of mesenchymal EGFR T790M cell lines to third-generation EGFR inhibitors
To facilitate an unbiased genetic study, we characterized mesenchymal, EGFR mutant NSCLC cell lines generated from patients who progressed on EGFR inhibition to find targets that may prevent the emergence of drug-tolerant persister cells undergoing EMT-like transcriptional changes. We hypothesized that these mesenchymal-resistant models may serve as surrogates for persister populations that also have a mesenchymal phenotype. We noted a clear mesenchymal phenotype that overlapped with the EGFR T790M gatekeeper mutation in a subset of cases ( Supplementary Fig. 1A , Supplementary Table 1) . Mesenchymal cell lines were insensitive to the thirdgeneration EGFR inhibitor EGF816, even when harboring EGFR T790M ( Supplementary Fig. 1B ), consistent with prior observations that EMT can confer resistance to EGFR inhibitors [8, 15] . Although EGF816 treatment led to dosedependent inhibition of EGFR phosphorylation in both epithelial and mesenchymal cell lines, downstream ERK signaling was not suppressed in mesenchymal cells (Supplementary Fig. 1C) , suggesting that these cells may utilize alternate inputs to the mitogen-activated protein kinase (MAPK) pathway for survival.
To identify a strategy to re-sensitize mesenchymal cell lines to EGFR inhibition, we performed whole-genome CRISPR screening on two resistant patient-derived mesenchymal cell lines (Fig. 1a) . Cell lines were first engineered to stably express Cas9 and then infected with a whole-genome CRISPR library containing 10 guides per gene. Infected cells were cultured in the absence or presence of 100 nM EGF816 over a 10-day period, and then harvested for sequencing of CRISPR single guide RNA guides. We searched for genes that, when knocked out, caused selective depletion of cells in EGF816-treated versus -untreated cells, indicating that gene function was required for cell survival in the presence of drug. FGFR1 was the top genomic target for resensitizing cells to EGF816 (Fig. 1b) . Other FGFR family members were not hits in these cell lines. FGFR1-knockout synergy in these mesenchymal cell lines aligned with high baseline expression of both FGFR1 and FGF2 (the ligand for FGFR1-4) (Fig. 1c) . The association between mesenchymal status and FGFR1, FGF2 expression was also observed in additional cell lines, including the large collection of CCLE lung cell lines [27] and an independent collection of nine EGFR-mutant NSCLC cell lines derived from TKI-resistant patients generated at our institution that were not evaluated in the CRISPR screen ( Supplementary Fig. 2, Fig. 1d ).
To determine whether pharmacologic inhibition of FGFR1 is able to re-sensitize resistant mesenchymal EGFRmutant NSCLC cells to EGFR inhibitors, we treated cell lines with the combination of EGF816 and the FGFR1/2/3 inhibitor BGJ398 (infigratinib) [28] in an 8 × 8 matrix format and assessed the effect on cell viability. A synergistic association between EGF816 and BGJ398, as determined by the Loewe excess additivity model [29] , was observed over a range of doses to both slow proliferation and induce cell death in mesenchymal, but not in epithelial patientderived cell lines (Fig. 2a) . EGF816 suppressed EGFR Y1068 phosphorylation and increased phosphorylation of FRS2a (an adaptor protein that plays a critical role in FGFR signaling), consistent with feedback activation of FGFR signaling upon EGFR pathway blockade (Fig. 2b) . Addition of BGJ398 to EGF816 led to a reduction of FRS2a phosphorylation in a dose-dependent manner, resulting in a reduction of ERK1/2 phosphorylation. Taken together, these results demonstrate that FGFR1 signaling facilitates the survival of mesenchymal-like, resistant EGFR-mutant NSCLC cells upon EGFR blockade, and suggest that targeted inhibition of FGFR signaling can re-sensitize mesenchymal EGFR mutant cancers to EGFR inhibition. These results strengthen prior studies that point to the role of FGFR signaling in resistance to EGFR inhibitors [9, [11] [12] [13] by demonstrating that (1) FGFR1 is a top genomic strategy for resensitizing resistant cells to EGFR inhibition and, most importantly, (2) FGFR signaling is critical in patient-derived models of mesenchymal, drug-tolerant cells.
Drug-tolerant EGFR mutant NSCLC cells exhibit mesenchymal properties and increased expression of FGFR3
Previous work from our laboratory demonstrated that genetic mechanisms of resistance, such as EGFR T790M , can evolve de novo during the course of therapy from drugtolerant persister cells with mesenchymal features, and that some mesenchymal features may be maintained after acquisition of EGFR T790M [23] . We first confirmed that upregulation of mesenchymal gene expression is a widespread feature of drug-tolerant EGFR-mutant NSCLC cell line models surviving prolonged drug treatment. We treated HCC827 and H1975 cells with gefitinib or the third- [51] . Cell lines that returned FGFR1 as a hit in the CRISPR screen tended to be mesenchymal-like and/or had relatively higher expression of FGFR1 and FGF2. d A broader collection of patient-derived epithelial (E) and mesenchymal-like (M) EGFR-mutant NSCLC cell lines also demonstrate higher FGFR1 and FGF2 messenger RNA (mRNA) expression in the mesenchymal cell lines as determined by Affymetrix microarray.
generation EGFR inhibitor WZ4002 (H1975 cells harbor de novo EGFR T790M ), respectively, for 2 weeks and profiled gene expression in the surviving cells by RNA-sequencing (RNA-seq) (Fig. 3a) . In both models, gene-set enrichment analysis (GSEA) revealed up-regulation of genes related to EMT in drug-treated cells compared to untreated parental cells (Fig. 3b, Supplementary Fig. 3 ), similar to our prior findings in the PC9 cell line model [23] . To validate these results, we determined the messenger RNA (mRNA) expression levels of canonical EMT-related or "stemnessrelated" genes after chronic EGFR TKI exposure in an expanded panel of EGFR mutant NSCLC cell lines (PC9, H1975, MGH119, HCC827) by quantitative reverse transcription-PCR (RT-PCR). Although the exact expression profile of EMT-related transcription factors varied slightly between cell lines, we observed consistent upregulation of the majority of EMT-related genes across the cell lines (Fig. 3c) .
We next examined whether FGFRs were up-regulated in drug-tolerant cells. In contrast to the fully resistant mesenchymal cell lines (Fig. 1c) , RNA-seq and quantitative RT-PCR analysis revealed that FGFR3 and, to a lesser extent FGFR2, were consistently up-regulated after 2 weeks of drug treatment (Fig. 3d, e, Supplementary Fig. 4 ). Additionally, we observed increased expression of multiple FGF ligands in drug-tolerant cells (Fig. 3d) . To determine the kinetics of FGFR up-regulation, we treated H1975 and HCC827 cells with EGFR inhibitor and assessed mRNA expression of FGFR3 and FGF2. Both FGFR3 and FGF2 were up-regulated within 24-72 h of drug exposure (Supplementary Fig. 4 ). These kinetics are consistent with previous studies that have reported up-regulation of FGFR3 signaling acutely after EGFR inhibitor treatment in specific models [11, 13] .
FGFR3 is essential for the survival of EGFR mutant drug-tolerant cells during EGFR inhibitor treatment
Several mechanisms that promote the survival of EGFR mutant drug-tolerant "persister" cells have been proposed, including activation of IGF1R signaling, chromatin remodeling, and mesenchymal changes [22, 23] . To evaluate a causal role for FGFR3 in promoting the survival of mesenchymal-like drug-tolerant cells, we performed a pooled lentiviral short hairpin RNA (shRNA) dropout miniscreen targeting 75 genes with potential relevance to drug- Table 2 ). PC9 cells were transduced with lentiviral shRNAs (ten hairpins per gene) and treated with either vehicle or the third-generation EGFR inhibitor osimertinib (AZD9291) for 3 weeks (Fig. 4b) . Sufficient cell numbers were used to ensure shRNA representation of >1000 cells/hairpin in the population of surviving drugtolerant cells (based on neutral selection), which represents approximately 1% of the starting parental population. Because of the large number of cells required, we used osimertinib to prevent the rapid emergence of any rare preexisting EGFR T790M clones that would likely be present within such a large pool of PC9 parental cells [23] and confound the analysis. shRNA abundances in drug-treated cells relative to the starting population and cells treated with vehicle for 3 weeks were determined by next-generation sequencing (NGS). We sought hairpins that (1) were represented at very low abundance after osimertinib treatment, (2) exhibited a large difference in abundance between osimertinib and vehicle-treated cells, and (3) that demonstrated consistent results in two independent replicates. Both FGFR3 and vimentin were among the top four genes with the greatest relative hairpin depletion after osimertinib treatment, suggesting that FGFR3 is necessary for drugtolerant cell survival during EGFR inhibitor treatment (Fig.  4c ). Of note, we also observed relative depletion of IGF1R hairpins, in agreement with prior studies demonstrating a role for IGF1R in the survival of persistent PC9 drugtolerant cells [22] .
To validate these findings with respect to FGFR, we knocked down FGFR1, FGFR2, and FGFR3 in PC9 and HCC827 cells and assessed cell survival during gefitinib treatment. In order achieve robust and comparable knockdown of each FGFR family member ( Supplementary Fig.  5A ), we used small interfering RNAs (siRNAs) rather than shRNAs, because we were unable to achieve reproducible knockdown >50% of FGFR1 despite testing multiple shRNAs. Consistent with the results of the shRNA screen, knockdown of FGFR3, but not FGFR1 or FGFR2, led to decreased survival of HCC827 and PC9 cells during gefitinib treatment (Fig. 4d, Supplementary Fig. 5B ). In PC9 cells, two out of three FGFR1 siRNAs resulted in increased cell survival during gefitinib treatment, although this was not observed in HCC827 cells. Together, these results demonstrate that FGFR3 is necessary for supporting the survival of EGFR mutant drug-tolerant cells during EGFR inhibitor treatment. 
FGFR inhibition prevents the outgrowth of drugtolerant cells treated with EGFR inhibitors
Given the evidence suggesting a role for chromatin remodeling, mesenchymal gene expression, and FGFR3 signaling in the survival of drug-tolerant persister cells, we sought to identify pharmacological approaches that target these processes to prevent the outgrowth of drugtolerant clones. Based on our prior work, we hypothesize that targeting persister populations has the potential to prevent the development of acquired drug resistance [23] . To our knowledge, prior studies have not determined if a drug combination may suppress persister cell growth in multiple cell lines over the timescales (i.e., several weeks) necessary to appreciate the emergence of EGFR inhibitorresistant clones.
We labeled PC9, HCC827, H4006, and H1975 with redfluorescent protein (RFP) and treated them with gefitinib or WZ4002 (a third-generation EGFR TKI that targets the EGFR T790M mutation that is present in H9175 cells) for H1975 cells in the absence or presence of 17 different drugs (Supplementary Table 3 ) selected for their ability to modulate epigenetic pathways or other targets relevant to drug tolerance (Fig. 5a ). We included two FGFR inhibitors: BGJ398 and dovitinib. Surviving cells were quantified over a period of 8 weeks using high-content imaging. This time period encompassed the duration of initial drug response and the subsequent emergence of drug-tolerant clones. A 100-fold range of concentrations was tested for each drug in order to account for differences in drug potency and define dosing limits above which growth suppression was due to single-agent activity. We identified multiple drugs that suppressed the emergence of drug-tolerant clones when combined with EGFR inhibitor in different cell lines (Fig.  5b, Supplementary Fig. 6A ). For instance, the previously reported combination of IGF1R (AEW541) + EGFR inhibitors was effective in PC9 cells, but not in the other cell lines (Supplementary Fig. 6B ). In contrast, the pan-FGFR inhibitor BGJ398, when combined with EGFR inhibitors, consistently suppressed the emergence of drug-tolerant clones in all cell lines examined (Fig. 5b, c) . The pan-FGFR inhibitor, dovitinib (also known as Chir258), in combination with an EGFR TKI, also suppressed the outgrowth of persister cells in three out of four cell lines examined ( Supplementary Fig. 6C ). We then replicated these findings in four cell lines in an independent experiment in which cell viability was tracked over time using a non-toxic, live-cell bioluminescent assay (Promega RealTime-Glo; Supplementary Fig. 6 ). These results suggest that dual EGFR + FGFR inhibition may be a promising strategy for preventing the emergence of resistant clones.
To further establish the potential of combination EGFR + FGFR inhibitors to delay or prevent the development of acquired resistance, we treated multiple pools of HCC827 Fig. 5 Dual epidermal growth factor receptor-fibroblast growth factor receptor (EGFR-FGFR) inhibition prevents the outgrowth of EGFR mutant non-small -cell lung cancer (NSCLC) drug-tolerant clones. a Experimental schema. b Relative decrease in cell number with gefitinib (300 nM) + test drug (100 nM) relative to gefitinib alone over time. Cell number was quantified by high-content imaging. The bottom three rows show the response to gefitinib + BGJ398 for PC9 and HCC827 cells, WZ4002 + BGJ398 for H1975 cells. c Individual growth curves of cell lines treated with gefitinib (300 nM) + BGJ398 (100 nM). d RealTime-Glo assay of HCC827 cells were treated with gefitinib, BGJ398, or combination over time. e PC9 and HCC827 cells were treated with gefitinib alone or in combination with BGJ398. The addition of BGJ398 to gefitinib prevented ERK reactivation. f Addition of BGJ398 to gefitinib prevented DUSP6 (Dual Specificity Phosphatase 6) up-regulation, as assessed by reverse transcription-PCR (RT-PCR). Data are shown as mean and SEM of three independent experiments cells with gefitinib, BGJ398, or the combination and monitored for the development of acquired resistance. We chose to use the first-generation inhibitor gefitinib for this study as HCC827 cells have previously been shown to preferentially develop MET amplification rather than T790M as a mechanism of resistance to EGFR inhibitor therapy pathway [7, [30] [31] [32] . Similar to what we observed in our previous experiments, all gefitinib-treated pools initially responded to treatment, but then drug-tolerant clones rapidly emerged (Fig. 5d) . Combined gefitinib + BGJ398 treatment suppressed the emergence of these drug-tolerant clones, although we did observe the eventual emergence of resistance in 2 out of 20 pools. Both of these clones exhibited up-regulation of MET gene expression (Supplementary Fig. 7) , consistent with the emergence of rare preexisting MET-amplified clones that have been previously demonstrated to exist in the HCC827 cell line [33, 34] . Taken together, these results strongly support the notion that dual EGFR + FGFR inhibition suppresses the emergence of drug-tolerant persister clones in multiple models of EGFR mutant NSCLC.
To understand the molecular basis for the suppression of drug-tolerant cells by FGFR inhibition, we examined downstream MAPK signaling in HCC827 and PC9 cell lines. Gefitinib treatment acutely suppressed phospho-EGFR and phospho-ERK in both cell lines (Fig. 5e) . After prolonged gefitinib treatment, corresponding to the selection of drug-tolerant cells, phospho-ERK was reactivated despite sustained inhibition of phospho-EGFR. This reactivation of phospho-ERK was suppressed in cells treated with the combination of gefitinib + BGJ398, consistent with FGFR-mediated reactivation of MAPK signaling in drug-tolerant cells. Supporting this finding, we observed a rebound in DUSP6 (Dual Specificity Phosphatase 6, a transcriptional target and negative regulator of ERK) transcription in PC9 and HCC827 cells after prolonged gefitinib treatment, which was suppressed with the addition of BGJ398 (Fig. 5f ). To corroborate these findings, we treated H1975 cells with EGF816 alone or in combination with BGJ398 and assessed protein phosphorylation by enzymelinked immunosorbent assay. After EGF816 treatment, phosphorylation of both EGFR and ERK was initially suppressed (Supplementary Fig. 8 ). At longer timepoints, despite continued inhibition of phospho-EGFR, there was rebound of phosphorylation of ERK, which coincided with an increase in phosphorylation of FGFR3. Combination treatment with EGF816 + BGJ398 blocked the activation of phospho-FGFR3 and led to sustained inhibition of phospho-ERK. These data reveal that dual EGFR + FGFR blockade inhibits the survival and outgrowth of mesenchymal-like drug-tolerant clones by suppressing FGFR3-mediated reactivation of MAPK signaling.
Combination EGFR + FGFR inhibitors suppress the development of resistance in vivo
To investigate whether combined EGFR + FGFR inhibition may suppress the development of resistance in vivo, we established PC9 subcutaneous xenograft tumors in immunodeficient mice. We then treated mice with PC9 xenograft tumors with geftinib, BGJ398, or the combination for 4 months to assess both the initial response and the subsequent development of acquired resistance in each cohort (Fig. 6a) . As expected, gefitinib treatment led to initial tumor regression of approximately 60% after 21 days (Fig.  6b, c) . Treatment with the combination of gefitinib + BGJ398 led to an equivalent initial tumor regression (BGJ398 alone had no effect on tumor growth-data not shown). After prolonged treatment, gefitinib-treated tumors began to develop resistance, with eight of nine progressing by 120 days of treatment (Fig. 6c, d) . In striking contrast, none of the tumors treated with gefitinib + BGJ398 showed any signs of progression after 120 days. We performed further analysis of five gefitinib-resistant tumors that had regrown to baseline volume and did not observe either EGFR T790M or MET amplification ( Supplementary Fig. 9 ), making it unlikely that resistance was caused by outgrowth of pre-existing resistant EGFR T790M or MET-amplified clones [23, 33] .
Discussion
EMT has been observed in EGFR mutant NSCLCs at the time of acquired resistance and has also been associated with the survival of drug-tolerant clones prior to the development of genetic resistance mechanisms [8, 16, 23] . FGFR up-regulation has also been reported as a short-term response to EGFR inhibition in established cell line models [9] [10] [11] [12] [13] . In this study, we use mesenchymal cells derived from patients at the time of progression on EGFR inhibitors as surrogates for the drug-tolerant persister state and show that FGFR1 signaling is the top genomic strategy for resensitizing these cells to EGFR inhibitors. Synergy between the third-generation EGFR inhibitor EGF816 and the FGFR inhibitor BGJ398 was observed in mesenchymal but not epithelial models, consistent with a specific dependence of mesenchymal EGFR mutantresistant cells on FGFR1 signaling. These results suggest a therapeutic strategy for resensitizing resistant EGFR mutant NSCLCs that have undergone EMT, including cancers that also harbor EGFR T790M and may not be sensitive to thirdgeneration EGFR inhibitors alone.
Complimenting this finding, we show that FGFR signaling is necessary for survival of epithelial, drug-sensitive cells undergoing EMT-like changes during initial exposure to EGFR inhibitors. Interestingly, FGFR3 rather than FGFR1 is essential for cell survival in this context. Previous studies have demonstrated that EGFR inhibition leads to upregulation of FGFR2 and FGFR3 and that ligand-mediated activation of FGFR signaling protects cells from EGFR inhibitor treatment [13] . Our studies extend these observations to show that up-regulation of both FGFR3 and FGF ligands is sustained in EGFR mutant drug-tolerant cells that survive EGFR inhibitor therapy, leading to reactivation of ERK signaling despite continued inhibition of EGFR over long time periods. Most importantly, we show that dual FGFR + EGFR blockade prevented ERK reactivation that occurred after long-term EGFR inhibitor therapy and consistently suppressed the outgrowth of drug-tolerant clones in multiple EGFR mutant cell line models in vitro, indicating that FGFR signaling is essential for the emergence of mesenchymal-like drug-tolerant clones. Finally, we demonstrate that dual targeting of EGFR and FGFR inhibits the development of drug resistance in vivo. This in vivo proof of concept is particularly relevant to the study of EMT, an epigenetic phenomenon that is highly influenced my microenvironmental cues. We also examined several drugs that target epigenetic modulators but only observed sporadic activity of different drugs in different cell lines. Of note, a recent study revealed that ZEB1-mediated suppression of BIM can blunt the apoptotic response of mesenchymal cancers to TKI therapy [35] , indicating that multiple mechanisms may contribute to the lack of efficacy of EGFR inhibitors in mesenchymal cancers. Overall, these data suggest that dual EGFR + FGFR inhibition may also be a promising long-term therapeutic strategy for preventing the survival of drug-tolerant clones in the setting of EMTrelated adaptive resistance.
Our findings add to a growing body of evidence converging on the central importance of FGFR signaling in the survival of mesenchymal cells. Recently, FGFR1 was implicated in the intrinsic resistance of mesenchymal KRAS mutant NSCLCs to MEK inhibitors [18, 36] . However, FGFR inhibition did not sensitize epithelial KRAS mutant cancers to MEK inhibition. FGFR1 over-expression has been shown to decrease sensitivity to EGFR TKIs preclinical models and be associated with decreased response to EGFR TKI therapy in EGFR mutant NSCLC patients [37] . FGFR1 dependency has also been observed in cell line models of acquired resistance to EGFR inhibitors [10, 12, 13] . In these studies, resistant cells lost dependency on EGFR and became sensitive to FGFR inhibition alone [12] , or were only treated with EGFR inhibitor for very short time periods to assess acute response of FGFR inhibitors rather than potential effects on persister cell development [10] . In our study, the mesenchymal-resistant patient-derived cell lines generated from EGFR mutant NSCLCs at the time of clinically acquired resistance were not sensitive to FGFR inhibition alone, arguing against a case of simple oncogene switching, but the combination of EGFR and FGFR inhibitors overcame resistance when neither alone was sufficient. Our results suggest that different FGFR family members may be involved in bypassing EGFR inhibition depending on context. Very early after initiation of EGFR inhibitor treatment, FGFR3 is up-regulated and plays a dominant role during the selection of mesenchymal-like drug-tolerant clones. In fully mesenchymal-resistant cells, FGFR1 appears to be critical for cell survival. Given the limited number of models available for study, it is difficult to make a definitive conclusion about whether this distinction is strictly followed during evolving resistance. The role of FGFR1 is supported by other studies demonstrating that FGFR1 expression is up-regulated in mesenchymal cancers, such as bladder cancer, and FGFR1 knockdown alters the expression of EMT-related transcription factors [38] . These results, together with the observation that the mesenchymal versus epithelial phenotype correlates with FGFR1 expression among CCLE cell lines and a set of our patient-derived EGFR mutant NSCLC cell lines, suggest that FGFR1 is a key survival factor in mesenchymal cells across different tissue origins. Our results suggest that up-regulation of FGFR3 may play a similar role in the survival of drugtolerant cells which have not yet developed a fully mesenchymal phenotype. We observed that this process occurs within 24 h, more rapidly than the up-regulation of mesenchymal transcription factors [23] . This time frame is relatively short to achieve either a phenotypic shift to the mesenchymal state or significant selection of pre-existing mesenchymal sub-clones. These results are most consistent with a model in which FGFR3 induction is an early direct effect of EGFR inhibition, and it is possible that cells that engage this pathway may be predisposed to embark on an EMT.
Since lung cancers may be heterogeneous populations of sensitive, drug-tolerant, and resistant clones at varying stages along the EMT continuum during the course of EGFR inhibitor therapy, it is possible that both FGFR family members might be operational at the same time within a given tumor. Many studies have revealed the complexity of FGFR signaling, which can result from differences in both the intrinsic signaling properties of FGFR family members and the specific FGF ligands available, suggesting non-redundant functionality between FGFR family member [39] [40] [41] [42] . For instance, FGFR3 has been shown to transduce a different signal that either inhibits or stimulates cell proliferation depending on the cell type [43] [44] [45] . FGFR3 has greater ligand-independent dimerization than FGFR1; moreover, FGF1 and FGF2 induce different kinase domain conformations of FGFR3 [46] . Several studies have shown that FGFR3 does not contain three of the seven phosphorylation sites in the kinase domain of FGFR1, including the Y463 CRKL binding site, which facilitates FRS2a activation [47] [48] [49] . It is possible that increased expression of FGFR3 leading to ligandindependent FGFR3 survival signaling and FGF liganddriven activation of FGFR1 could play complementary roles in engaging different intracellular signaling as cells evolve along a mesenchymal trajectory. Of note, our in vitro studies do not account for any potential contribution of FGF signaling from the tumor micro-environment, which might be important in patients. From this perspective, a pan-FGFR inhibitor such as BGJ398 might be attractive because it would be effective regardless of whether one or more FGFR family members may be dominant in a given context. The future development of selective FGFR inhibitors will provide the opportunity to directly test the efficacy of selective inhibition of individual FGFR family members.
A number of studies have shown that alternate RTK signaling can contribute to both intrinsic and acquired resistance to targeted therapies by activating downstream effectors that are redundant with the therapeutically inhibited pathway [7, [30] [31] [32] . In these cases, dual-RTK inhibition may be an attractive approach for overcoming or preventing drug resistance. One challenge in developing clinically useful therapeutic strategies, however, is the potential heterogeneity of bypass signaling pathways that may occur even in the same cancer sub-type. For instance, previous studies have reported that drug-tolerant PC9 cells are dependent on IGF1R for survival during EGFR inhibitor treatment [22] ; we confirmed this in PC9 cells, but did not observe this dependency in any of the other EGFR mutant NSCLC models that we investigated.
To our knowledge, this is the first work demonstrating in vivo efficacy of a drug combination in targeting persister cells in EGFR mutant NSCLC. Along with the wholegenome screening results in patient-derived cell lines implicating FGFR1 signaling in the maintenance of drug tolerance in mesenchymal cells, this work demonstrates that dual EGFR-FGFR blockade is capable of inhibiting the development of acquired resistance in vivo and may have the potential to block the evolution of EMT-associated acquired resistance in EGFR mutant NSCLC. We hope this work provides the preclinical evidence required to begin a clinical trial testing upfront combination therapy with EGFR and FGFR inhibitors among EGFR mutant NSCLC patients.
Methods
Cell lines
Human EGFR-mutated NSCLC cell lines used were as follows: PC9 [EGFR exon 19 delE746-A750], HCC827 (EGFR exon 19 delE746-A750), HCC4006 (exon 19 delL747-A750, P ins), H1975 [EGFR L858R,T790M], MGH707-1 (EGFR exon 19 delE746-A750, T790M), MGH174-2A (EGFR exon 19 delE746-A750), MGH721-1 (EGFR exon 19 delE746-A750, T790M), MGH792-1A (EGFR L858R), and MGH700-2D (EGFR exon 19 delE746-A750). Commercially available cell lines were obtained from the Center for Molecular Therapeutics at MGH, where cell line identity has been authenticated by STR analysis (Bio-synthesis Inc). Patient-derived cell lines were established in our laboratory from core biopsy or pleural effusion samples as previously described [10] . All patients signed informed consent to participate in a DanaFarber-Harvard Cancer Center Institutional Review Boardapproved protocol giving permission for research to be performed on their samples. Cell lines were cultured in RPMI-1640 growth medium, supplemented with 10% fetal bovine serum and 1% P/S at 37°C in a humidified 5% CO 2 incubator. All cells were verified to be free of mycoplasma contamination.
Antibodies and reagents
The following antibodies were used: phospho-EGFR Y1068 
CRISPR screen
Cells were transfected with a Cas9-containing vector using the EF1α-long promoter. Cas9 positivity was verified by flow cytometry, and cell populations expressing 70% Cas9 or higher were expanded for the screen. For each library pool in the screen, cells were plated in five-layer Cell-STACK flasks (Corning, EK-680940) at predetermined densities based on doubling time and sensitivity to EGF816, with a minimum of 80 × 10 6 cells per flask. Cells were transduced with the screen virus pools containing the CRISPR guides in 500 mL media containing 8 µg/mL polybrene (EMD Millipore). Cells were then put under puromyocin selection for 72 h. Prior to EGF816 treatment, transduction efficiency was confirmed by RFP expression using flow cytometry. Cell populations that expressed more than 90% RFP were then treated for 10 days with or without EGF816 at a dose equivalent to the IC90 in each cell line. After 10 days, cells were trypsinzied, pelleted to 100 × 10 6 cells, and DNA was extracted using Qiagen DNA Maxi Kit. DNA samples were checked by PCR before being submitted for downstream sequencing to determine the proportional representation of the CRISPR guides.
× Combination proliferation assay
Cells were seeded at a density of 3000 cells/well in black, clear bottom 96-well plates (Corning, 3904), and allowed to attach overnight. An 8 × 8 matrix of two compound titrations were mixed in DMSO, diluted into media, and then added to cells giving a final DMSO concentration of 0.1%. Cells were cultured for 3 days, prior to addition of CellTiter-Glo reagent. Patient-derived cell lines were cultured for 7 days prior to addition of CellTiter-Glo reagent.
Long-term drug assay
Cells were seeded at a density of 5000 cells/well in black, clear bottom 96-well plates. After 24 h, cells were drugged and maintained with biweekly media changes. Cell count was calculated at 24 h post-seeding and every 3-7 days thereafter, using High-content imaging or Promega RealTime-Glo.
High-content imaging and image analysis
Imaging of the immunofluorescence-stained cultures was performed with Molecular Devices' Image Express Micro high-content imager. Briefly, the post-laser z-offset was determined for correct autofocusing, and the exposure time for each illumination filter was calculated. Several wells across the 384-well plate were tested for consistency prior to acquisition of the entire plate. Analysis of the fluorescent images was done with Molecular Devices' MetaExpress software and their Multi-wavelength Cell Scoring application. The minimum and maximum width as well as the signal intensity above local background were determined for proper segmentation of the nuclear Hoechst 33342 stain and the cytoplasmic CK8/18 stain (entire cell). Several wells of the 384-well plate were previewed by eye for accurate segmentation prior to analysis of the entire plate. 
RealTime-Glo viability assay
A non-cytotoxic, bioluminescence-producing assay was used according to the manufacturer's instructions (Promega). Luminscence at 570 nm was recorded. Triplicate values were averaged in Microsoft Excel and graphed in Prism. Twice-weekly media change immediately followed reading of luminescence.
× Mechanistic studies
Patient-derived cell lines were seeded into 6-well plates at a density of 500,000 cells/well, and allowed to attach overnight. A 3 × 3 combination grid was selected based on proliferation results, compounds then incubated on cells for 24 h. Cells were washed once with phosphate-buffered saline, and then lysed on ice using MSD Tris Lysis Buffer (Mesoscale R60TX-2), complete with protease inhibitor cocktail (Sigma P8340), phosphatase inhibitor cocktail 2 (Sigma P5726), and phosphatase inhibitor cocktail 3 (Sigma P0044) for 10 min with scraping. Lysates were collected, micro-centrifuged at 4°C, and quantified for total protein by BCA assay (Pierce, Cat#23225).
Western blotting
Lysates were prepared for a western blot following the BCA assay, using 4× LDS Sample Buffer (Invitrogen NP0007), containing 1× Sample Reducing Agent (Invitrogen NP0009), and then heated at 95°C for 10 min. Samples were loaded into a 4-12% NuPAGE Bis Tris gel (Invitrogen WG1402BOX) and run using MOPS Running Buffer (Invitrogen NP0001). Proteins were transferred onto nitrocellulose using the Bio-Rad Trans-Blot Turbo Transfer System (Bio-Rad, Cat#1704150). Membranes were blocked with Tris-buffered saline containing 0.1% Tween-20 (w/v) (TBS-T) and 5% non-fat milk for a minimum of 1 h at room temperature on a rocking platform. Primary antibodies were used as directed by the manufacturer, and the incubated overnight at 4°C on a rocking platform. Secondary HRPlinked antibodies (anti-mouse HRP CST#7076, anti-rabbit HRP CST#7074) were used where appropriate, and then incubated with 5% milk in TBS-T for a minimum of 1 h at room temperature on a rocking platform. Membranes were visualized using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Cat#34095).
NanoString RNA analysis
Cell lines (HCC827 and NCI-H1975) were treated with IC70 doses of EGF816 over a 5-day time course. Samples were collected at 4, 24, 72, and 120 h post treatment and RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Cat#74104). RNA was normalized to 100 ng in 10 µl and hybridized to the 200-gene Nanostring PanCancer panel (Nanostring Cat#XT-CSO-PATH1-12) according to the manufacturer's instructions. The samples were run on the nCounter prep station and scanned at 600 scans per chip. Data were analyzed using the nSolver software (https://www.nanostring.com/products/analysis-software/ nsolver) and all counts were normalized to both housekeeping genes and internal controls provided in the codeset.
RNA-sequencing
Profiling of drug-tolerant cells
Cell lines (PC9, HCC827, and HCC4006) were drugged with 300 nM gefitinib or 1 μM WZ4002 (H1975) for 2 weeks. Extraction of mRNA from biological triplicates of drugged and parental cells was performed using the Qiagen RNeasy Kit. RNA-seq libraries were constructed from polyadenosine (polyA)-selected RNA using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England BioLabs) and sequenced on an Illumina HiSeq2500 instrument. STAR aligner51 was used to map sequencing reads to transcripts in the human hg19 reference genome. Read counts for individual transcripts were produced with HTSeq-count52, followed by the estimation of expression values and detection of differentially expressed transcripts using a custom R script. GSEA software was used to analyze the enrichment of functional gene groups among differentially expressed transcripts.
Baseline expression profiling of patient-derived cell lines
Total RNA was separately extracted and quantified using the Agilent RNA 6000 Nano Kit (catalog number 5067-1511) on the Agilent 2100 BioAnalyzer. Two hundred nanograms of high-purity RNA (RNA Integrity Number 7.0 or greater) was used as input to the Illumina TruSeq Stranded mRNA Library Prep Kit, High Throughput (catalog number RS-122-2103), and the sample libraries were generated as per the manufacturer's specifications on the Hamilton STAR robotics platform. The PCR-amplified RNA-seq library products were then quantified using the Advanced Analytical Fragment Analyzer Standard Sensitivity NGS Fragment Analysis Kit (catalog number DNF-473). The samples were diluted to 10 nM in Qiagen Elution Buffer (Qiagen material number 1014609), denatured, and loaded at a range of 2.5-4.0 pM on an Illumina cBOT using the HiSeq® 4000 PE Cluster Kit (catalog number PE-410-1001). The RNA-seq libraries were sequenced on a HiSeq® 4000 at 75 bp paired end with 8 bp dual indexes using the HiSeq® 4000 SBS Kit, 150 cycles (catalog number FC-410-1002). The sequence intensity files were generated on instrument using the Illumina Real Time Analysis software. The resulting intensity files were demultiplexed with the bcl2fastq2 software and aligned to the human transcriptome using PICSES.
Gene expression of drug-tolerant cells by quantitative RT-PCR
Cells were treated with drugs for 2 weeks and RNA was extracted using the RNeasy Kit (Qiagen). Complementary DNA (cDNA) was prepared from 500 ng total RNA with the First Strand Synthesis Kit (Invitrogen) using oligo-dT primers. Quantitative PCR was performed using FastStart SYBR Green (Roche) on a Lightcycler 480. Unless otherwise indicated, mRNA expression relative to the geometric mean of three housekeeping gene (b-actin, RPS9, GAPDH) was calculated using the delta-delta threshold cycle (ΔΔCT) method. Primer sequences are listed in Supplementary  Table 4. shRNA dropout screen A list of 75 genes related to chromatin modification, EMT, or known EGFR TKI resistance mechanisms were compiled (Supplementary Table 2 ). The set of chromatin-modifying genes were compiled previously [50] . Bacterial clones for ten shRNAs per gene were acquired from the Broad RNAi consortium and pooled at equal optical densities. Pooled shRNAs were prepped and viral production was achieved in 293T cells. NGS confirmed the broad distribution of hairpins. One hundred million PC9 cells were infected with the viral pool, and puromycin selection at a multiplicity of infection of~0.1 was completed. The surviving cells were expanded for seven doublings. One hundred million cells were drugged with AZD9291 for 21 days, after which time roughly one million cells survived (this population size was chosen to ensure >1000 cells/hairpin after drug selection). Ten million cells were drugged with vehicle for 21 days, and every plate split from this cohort was saved. Another ten million cells were frozen at t0. DNA was harvested from all specimens together using the Qiagen Blood Midi Kit. Genomic DNA concentrations were measured using a Picogreen dye-binding assay giving a typical yield of 1 μg genomic DNA (gDNA) per million cells. For NGS library generation, the pooled shRNA sequences were PCR amplified in eight independent 100 μL PCR reactions using 1 μg of input gDNA per reaction with Titanium Taq, a single forward primer and one of eight indexing oligos for 30 cycles. All eight independent PCR reactions were pooled and purified using the Agencourt AMPure XP PCR Cleanup Kit (Beckman Coulter). The resulting products were quantified using the Advanced Analytical Fragment Analyzer. Individual shRNA sequence representation was measured on the Illumina MiSeq platform. For good representation of each shRNA in the NGS data,~1 million raw Illumina sequence reads were generated per sample averaging approximately >1000 reads per shRNA. Note that the individual plasmid pool for this shRNA library was spiked into the MiSeq flowcell at 15% of the total loading volume as a normalization control. The resulting sample data were demultiplexed using the bcl2fastq script, and the resulting fastq files aligned to a reference file of all shRNAs in the pool using the CASAVA 1.8.2 software. The resulting counts were then normalized to a fixed number of reads, and a small constant was added to remove all zero counts in the data. These normalized count data were then compared in the 3-week untreated and 3-week AZD9291-treated condition across all shRNAs for sequence dropouts.
siRNA validation of FGFR knockdown
Cell lines were transfected with 50 nmol/L of siRNA using Lipofectamine RNAi MAX (Invitrogen) according to the manufacturer's instructions. siRNA sequences are shown in Supplementary Table 5 . The day after transfection (day 2), cells were seeded for the viability assays or RNA extraction. On day 3, cells were treated with gefitinib or vehicle. Cell viability was determined after 72 h of drug treatment using CellTiter-Glo viability assay (Promega) according to manufacturer's instructions. RNA was extracted after 24 h of drug treatment using the RNeasy Kit (Qiagen). cDNA was prepared from 500 ng total RNA with First Strand Synthesis Kit (Invitrogen) using oligo-DT primers and quantitative PCR was performed using FastStart SYBR Green (Roche) on a Lightcycler 480. mRNA expression relative to the mRNA levels of the housekeeping gene β-actin was calculated using the delta-delta threshold cycle (ΔΔCT) method. Primer sequences are listed in Supplementary  Table 4 . Relative gene expression levels were determined at baseline (for FGFR1) or after gefitinib treatment (for FGFR2 and FGFR3, which were expressed at very low levels at baseline). . Mice with established tumors were randomized to drug treatment groups using covariate-adaptive randomization to minimize differences in baseline tumor volumes: gefitinib at 6.25 mg/kg (polysorbate), BGJ398 at 30 mg/kg (sodium acetate), or combinations thereof. Drug treatments were administered by oral gavage and tumor volumes were measured twice weekly. Investigators performing tumor measurements were not blinded to treatment groups. Sample size (nine per treatment group) was chosen to verify satisfactory interanimal reproducibility.
In vivo studies
